This research documents in situ wastewater biofilm formation, structure, and physicochemical properties as revealed by scanning and transmission electron microscopy. Cationized ferritin was used to label anionic sites of the biofilm glycocalyx for viewing in thin section. Wastewater biofilm formation paralleled the processes involved in marine biofilm formation. Scanning electron microscopy revealed a dramatic increase in cell colonization and growth over a 144-h period. Constituents included a variety of actively dividing morphological types. Many of the colonizing bacteria were flagellated. Filaments were seen after primary colonization of the surface. Transmission electron microscopy revealed a dominant gram-negative cell wall structure in the biofilm constituents. At least three types of glycocalyces were observed. The predominant glycocalyx possessed interstices and was densely labeled with cationized ferritin. Two of the glycocalyces appeared to mediate biofilm adhesion to the substratum. The results suggest that the predominant glycocalyx of this thin wastewater biofilm serves, in part, to: (i) enclose the bacteria in a matrix and anchor the biofilm to the substratum and (ii) provide an extensive surface area with polyanionic properties.
A biofilm may be described as an assemblage of bacterial cells that is both enclosed by and attached to a wetted surface by means of an extracellular fibrous polysaccharide-containing matrix. This matrix, termed a glycocalyx (14) , is synthesized by the bacteria, and it serves, in part, to permanently anchor bacterial cells adsorbed to a substratum (24) . Wastewater biofilms may be more complex, however, than a simple assemblage of firmly attached bacterial cells; they may possess a thick, overlying, less firmly bound, filamentous bacterial component (1) .
Despite the importance of biofilms to a variety of wastewater treatment systems (e.g., rotating biological contactors, fluidized beds), little is known about the initial events of in situ wastewater biofilm formation and its concomitant extracellular structural development. The literature pertaining to wastewater biofilm formation is limited to studies on biofilm-forming activated sludge bacteria grown in laboratory reactors (5, 33, 40, 49) . The examinations of the accompanying wastewater biofilm glycocalyx development have been based on inference from ultrastructural examinations of wastewater (6, 26) and adhering polluted stream isolates (29) grown in the laboratory, and adhering marine assemblages (10, 24) .
Consequently, this research was conducted to document the initial events of in situ wastewater biofilm development, using scanning electron microscopy (SEM). Because of the suspected importance of the bacterial glycocalyx in the early events of biofilm formation and the role it may play in regulating substrate transport to metabolically active cells (20) , an examination of biofilm structure and its physicochemical properties was made with transmission electron microscopy (TEM). Cationized ferritin (CF) was used to visualize the anionic nature of the biofilm glycocalyx. We describe here a wastewater biofilm formation process that parallels marine biofilm formation. The thin wastewater biofilm was anchored to the substratum by a glycocalyx that possessed interstices, was spatially extensive, and whose anionic sites were densely labeled by CF.
MATERIALS AND METHODS
Preparation of inert substratum. We designed an inert substratum and supporting structure suitable for (i) submersion in a wastestream, (ii) bacterial adhesion, and (iii) subsequent examination by both SEM and TEM. The sampling device is shown in Fig. 1 (36) . Controls were fixed without either the RR or the CF. All thin-section work was done on 144-h-old biofilm firmly attached to stub surfaces. Sampling stubs were pretrimmed before fixation to minimize the amount of sampling stub embedded in the resin block and to facilitate orientation of the biofilm in the block for subsequent examination in thin section.
Samples for the RR fixation were prestained in 0.15% RR for 30 min at 20°C. After washing in 0.1 M cacodylate buffer (CB) with 0.15% RR, the samples were prefixed for 3 h at 20°C in 2.5% glutaraldehyde with CB, 0.15% RR, and 1.0 M sucrose. The samples were subsequently washed in three separate CB solutions with 0.15% RR and decreasing amounts of sucrose (1.0, 0.4, and 0.0 M) for 30 min per wash. Samples were then fixed in 1.0% OS04 with CB and 0.15% RR for 3 h at 20°C. Residual OS04 was removed with two rinses of CB containing 0.15% RR. A 0.15% RR concentration was maintained through the graded ethanol series to the 50% ethanol concentration to minimize RR leaching (12) . The slivers of sampling stubs and attached biofilm were then embedded in a flat mold in Spurr's low-viscosity epoxy resin (47) after a graded infiltration series.
Samples for the CF fixation were washed once with 0.067 M CB (pH 7.2) according to MacAlister et al. (36) . Samples were then resuspended in the buffer with the CF at a concentration of 250 ,ug * ml-1 for 15 min.
The samples were gently vortexed at the beginning and end of the 15-min period. Biofilm samples were subsequently washed twice in the CB before additional treatment. The CF samples were prefixed, washed, fixed, washed, dehydrated, and embedded according to the RR procedure with the exception that RR was absent throughout the procedure. Controls were prepared in a manner similar to the RR procedure (prefix through embedding) without the RR. Thin sections were cut with glass knives on an LKB Ultratome III ultramicrotome. A cutting speed of 2 mmI s-was used. Sections were retrieved on uncoated, 400-mesh copper grids. Thin sections from the three treatments (RR, CF, and control) were poststained for 15 min with 0.5% uranyl acetate (in 50% methanol) and for 2 min with 0.4% lead citrate (45) . The thin sections were carbon coated for stabilization and viewed with a JEOL JEM-IOOS transmission electron microscope at an accelerating potential of 80 kV. Numerous thin sections were examined from at least five stubs from each of the fixation procedures. Sections were examined and photographed extensively to ensure that representative samples were obtained. Size measurements of the biofilm were obtained from photographic enlargement of micrographs. 
RESULTS
used. Examinations at lower magnifications revealed uniform biofilm density over a stub surface. Figure 2a through f depicts biofilm development over a 144-h examination period (at 24-h
intervals).
A dramatic increase in biofilm cell density was seen over the 144-h period (Fig. 2a through f) . The increase in density was a result of both colonization and growth. By 144 h, dense cell clumping was seen, although the stub surface was not entirely covered. The clumping was also observed in hydrated samples viewed with light microscopy, indicating that the distribution was not an artifact. A variety of bacterial morphologies were observed in all samples. Rod, coccal, spiral, and helical morphologies were seen. Dividing cells were apparent throughout the sampling period (Fig. 2a) (Fig. 2f ). Bacterial flocs, or aggregates, were found attached to the biofilm as well. The bacteria comprising the biofilm appeared to be more clumped (Fig. 2f) , rather than being a confluent monolayer of cells. Biofilm structure-TEM. The identification of the structural nature of the fixed and dehydrated wastewater biofilm glycocalyces reported here was based on the definition of Costerton et al. (14) . The capsular portion of the glycocalyx may be "rigid" or "flexible" and either "integral" or "peripheral." The capsular quantity may be further defined by using the prefixes "macro-" or "micro-. " Transmission electron micrographs of thinsectioned samples (144 h old) fixed with RR (Fig. 4) revealed that the mechanism of biofilm adhesion was mediated by an extracellular matrix that stained positively with RR. The glycocalyx was described (rigid peripheral macrocapsule) and arbitrarily labeled as a type 1 (T1) glycocalyx. The Ti glycocalyx appeared to be spatially extensive and similar to both the mucoid-like blanket seen with SEM and light microscopy and to ones shown elsewhere (18) . The TI glycocalyx possessed interstices. The crosssectional size of the interstices varied. A clear demarcation was seen between the interstices and their boundary walls (the rigid glycocalyx); suggesting that the interstices may be channels within the Ti glycocalyx. The Ti glycocalyx appeared to be resistant to RR penetration. The large size seen in some of the interstices indicates that they may have been vacant areas once occupied by bacteria. Ghost cells were observed in a number of samples, indicating that some cell death had occurred during the 144-h development period. The interstices provided an extensive surface area for the staining of acidic portions of the glycocalyx (35) . It may be more appropriately described as a slime (27) . Another glycocalyx was observed (Fig. 4) and described (flexible integral microcapsule) and was delineated as a type 2 (T2) glycocalyx. The Ti and T2 glycocalyces appeared meshed or continuous as defined by Cheng and Costerton (8) . The spatial arrangement of the cells embedded within the Ti glycocalyx was heterogeneous. As shown in Fig.  4 , the fixed and dehydrated biofilm appeared to be at least 3.0 ,Lm thick and was similar to the biofilm thicknesses obtained by the optical-focusing technique (7) . The cells (Fig. 4) were situated at some distance from the stub surface (>2.0 ,um). Some of the cells appeared to comprise a microcolony (8) and may have been dividing.
Transmission electron micrographs of thinsectioned samples (144 h old) fixed with CF (Fig.  5) revealed results similar to those obtained with the RR technique (Fig. 4) (Fig. 4) . The low magnification of the micrograph (Fig. 5) was not suitable for examination of specific anionic site labeling. The biofilm in Fig. 5 appeared to be at least 3.0 ,um thick.
A high-magnification micrograph (Fig. 6) (Fig. 3) . Some of the cells within the T3 glycocalyx were morphologically similar sister cells (8) and possessed markedly convoluted gram-negative cell envelopes (13) . Cell distribution within the microcolony was homogeneous.
Some of the cells were situated on the stub surface. The microcolony was at least 1.5 pLm thick, with the T3 glycocalyx mediating attachment of the microcolony to the stub. The T3 glycocalyx was continuous with both the Ti and T2 glycocalyces and seemed to be as resistant to CF penetration as the Ti glycocalyx.
The three glycocalyces shown in Fig. 7 were obtained from a single thin section. This suggests that sample preparation was not responsible for structural variation between the three glycocalyces. The intracellular region in the controls did not stain with either of the poststains or possess CF-like molecules. Large electron-opaque particles were seen within the glycocalyx of one thin-sectioned sample (CF procedure), and they appeared to be quite similar to soil particles (2).
A number of ultrastructural features of the biofilm constituents were seen (not shown). They included: (i) possible poly-,B-hydroxybutyrate (PHB) inclusion bodies (21), (ii) possible bacteriophage, (iii) mesosome-like structures (28) , (iv) loose membranes similar to those seen in micrographs reported elsewhere (8, 27) , (v) possible cyanobacteria ultrastructure, and (vi) possible endospores. formation and concomitant extracellular structural development. This work is significant because prior published work related to these subjects is limited. This study also relates a physicochemical property of the thin wastewater biofilm to its intact extracellular structures.
The nonspecific, permanent adhesion of bacteria to inert surfaces has been thoroughly described for marine bacteria (10, 11, 18, 23, 37) . First, the negative surface charge density and wettability of an inert substratum can govern the process of bacterial adsorption. Many environmental conditions will also influence the process (10). A substratum usually adsorbs an organic conditioning film that alters the surficial properties of that substratum (34) . Bacterial adsorption requires cell transport to the surface by either motility (37) or fluid eddies (5) . Near the substratum, repulsive electrical double-layer forces between the cell and the inert surface are opposed by both attractive London-van der Waals forces and chemical bonding (covalent, hydrophobic, ionic bonds). This phase of adsorption is considered reversible (37) . Fimbriae and other adhesive organelles may enhance adsorptivity (10, 42) , presumably through polymer bridging. Permanent adhesion usually requires the subsequent synthesis of an acid polysaccharide glycocalyx that connects the adsorbed cell to the conditioned substratum (11, 24) . Primary biofilm formation is accomplished primarily by motile, gram-negative rods (11) . Secondary biofilm formation involves the incorporation of stalked and filamentous bacteria subsequent to primary biofilm formation (11) .
Our research shows that the process of in situ wastewater biofilm development over a 144-h period closely resembles the marine biofilm formation process and the biofilm formation process of wastewater isolates grown in tubular recycle reactors (40) . Although a conditioning film was not observed here, a number of primary biofilm colonizers were gram negative and flagellated. The majority of bacteria found in activated sludge systems are thought to be bacteria of this type (19) . Such specialized adhesive organelles as fimbriae (10, 42) involvement in wastewater biofilm formation. The presence of an extensive glycocalyx network was seen to form a matrix about the bacteria and anchor the biofilm to the stub surface. This suggests that synthesis of the extracellular material occurred after bacterial adsorption. The inclusion of filamentous bacteria by 144 h of biofilm development indicated secondary biofilm formation. McCoy et al. (40) found that the incorporation of filaments into a wastewater biofilm grown under turbulent conditions first required the presence of a primary biofilm and extensive extracellular polysaccharide. The results presented here indicate that primary biofilm formation provides a textured surface where filaments can entangle and form a thick, overlying layer.
Wastewater biofilms examined in this study were metabolically active with evidence of cell division, microcolonies, cell size variation, and extensive glycocalyx synthesis. A number of hypotheses have been advanced to explain enhanced microbial activity at solid interfaces (22, 32, 52) . The extensive glycocalyx synthesis seen here is the most obvious indicator of enhanced metabolism. Copious glycocalyx synthesis has been correlated with nonlimiting organic carbon concentrations in the growth medium (39, 50, 51) and a decrease in cellular levels of PHB (43) . Although some possible PHB inclusion bodies were seen here, the extensive nature of the glycocalyx more likely represents a primary sink for excess carbon metabolism (30) . This form of carbon storage differs from mechanisms used by bacteria in older biofilms. In thick biofilms, PHB inclusions can account for up to 50% of the cell volume of the bacteria and appear to be a principal form of carbon storage (31) . Biofilmforming bacteria probably synthesize a glycocalyx for more important functions than as a carbon-storage mechanism. The fact, however, that its synthesis does act as a carbon sink is useful in determining the fate of organic carbon in wastewaters treated by thin biofilms.
In the aqueous environment, the bacterial glycocalyx is both highly hydrated and ordered (20, 44) . The glycocalyx, however, is usually radically condensed unless its protein content is high (14) or the structure is stabilized before fixation and dehydration (3, 4 the T3 glycocalyces may have been composed of sufficient protein to remain dense and resist condensation. Their visualized structure in thin section may have approximated their actual hydrated structure. The Ti glycocalyx was similar in size to a slime layer shown elsewhere (29) . The T2 glycocalyx was similar to glycocalyces found in other types of biofilms (9, 16, 27, 41) . The T3 glycocalyx appeared to be similar to common capsules shown in other studies (17, 26, 30, 43) . The presence of at least three glycocalyces in this thin wastewater biofilm is probably the result of the presence of various bacterial species and the different biochemical compositions of the glycocalyces of the individual species (14, 17) . Biofilms from other environments possess different glycocalyx structures within the bacterial assemblage as well (9, 27) .
The anionic charge distribution on or within all three types of glycocalyces was demonstrated with CF. The presence of anionic functional groups within the glycocalyx (48) could account for its apparent polyanionic nature as shown by its avidity for CF. Rorem (46) found that an extensive glycocalyx was more efficient than a normal glycocalyx in metal ion complexation and removal. Undoubtedly, its dense polyanionic charge distribution is responsible for its adsorptivity (20) and the ability to sequester substrates (30) . The extensive nature, however, may constitute a resistance to substrate diffusion to cell transport sites (32).
In conclusion, it would appear that in situ wastewater biofilm formation parallels marine biofilm formation. We have documented two functions of a thin wastewater biofilm glycocalyx. The structure (i) forms a matrix about the bacteria and anchors the biofilm to the substratum and (ii) provides an extensive surface area with polyanionic properties.
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